Abstract For their distinguished global warming potential (GWP100) and long atmosphere lifespan, CF4, SF6 and SF5CF3 were significant in the field of greenhouse gas research. The details of discharging character and the optimal parameter were discussed by using a Dielectric Barrier Discharge (DBD) reactor to decompose these potent greenhouse gases in this work. The results showed that SF6 could be decomposed by 92% under the conditions of 5 min resident time and 3000 V applied voltage with the partial pressure of 2.0 kPa, 28.2 kPa, and 1.8 kPa for SF6, air and water vapor, respectively. 0.4 kPa CF4 could be decomposed by 98.2% for 4 min resident time with 30 kPa Ar added. The decomposition of SF5CF3 was much more effective than that of SF6 and CF4 and moreover, 1.3 kPa SF5CF3, discharged with 30 kPa O2, Ar and air, could not be detected when the resident time was 80 s, 40 s, and 120 s, respectively. All the results indicated that DBD was a feasible technique for the abatement of potent greenhouse gases.
Introduction
Besides the common greenhouse gases such as CO 2 (69.6%), CH 4 (22.9%), and NO 2 (7.9%) [1] , high GWP (global warming potential) gases, which contribute only 0.4% to the human-induced greenhouse effect, should not be ignored for their potential damage to climate change. Although some framework agreements were reached to mitigate the greenhouse effect, more feasible methods to treat those potent greenhouse gases were still needed to be researched, especially for the high GWP greenhouse gases, such as SF 6 and SF 5 CF 3 , whose 100 yr GWP masses normalized relative to CO 2 were 22,200 [2] and 18,000 [3] respectively. CF 4 , which was the most abundant perfluorocarbons (PFCs) in the atmosphere [4] , was also chosen along with SF 6 and SF 5 CF 3 as the potent greenhouse gases. CF 4 was one of the most important gases used by the semiconductor industry with the development of the electronic industry [5] . Although its 100 yr GWP mass normalized relative to CO 2 was only 7200 [4] , its lifetime could be 50,000 yr [6] , which was much longer than that of SF 6 and SF 5 CF 3 .
In our institute, we paid a great deal of attention to the novel methods for the decomposition of these high GWP gases [7−13] . Dielectric barriers discharge (DBD) was a good method to produce nonequilibrium plasma with barriers in electrodes [14, 15] , which can make numerous micro-discharges occurring between two dielectrics with no electrode erosion [15, 16] . Our institute had also successfully used DBD for the abatement of gaseous pollutant such as CS 2 , H 2 S with lower energy consumption and higher treatment efficiency [17] . In this work, we chose DBD as the disposal method for the purpose of finding an effective and practicable technology of greenhouse gas decomposition.
In this paper, the decomposition processes of SF 6 , SF 5 CF 3 , and CF 4 were investigated. The details of discharging character and the optimal parameter were discussed by using a DBD reactor. In order to explore the removal mechanism of them in the DBD reactor, the byproducts were also identified by FT-IR in this work.
Experiment

DBD reactor
As shown in Fig. 1 , the reactor was a double-layer quartz tube with two ends sealed. The double-layer quartz tube consisted of two coaxial quartz tubes with 8 mm inner diameter of the inner tube and 28 mm outer diameter of the outer one with the same thickness of 1.0 mm. The inner electrode closely adhered to * supported by National Natural Science Foundation of China (Nos. 20507004, 21577023) the inner surface of the inner quartz tube, while the outer electrode, made of a stainless steel band with a width of 4 mm, was twisted tightly around the outside of the outer quartz tube. Both electrodes were connected with the high voltage power supply. The exit part was equipped with a needle valve to connect with the vacuum system. 
Experimental process
Two oil-free vacuum glass systems were used to preprocess the sample gases. Reaction gases were introduced into the reactor by a vacuum system firstly, and then went through the electrodes of the reactor. The applied voltage was set at the range of 2100 V to 3900 V by adjusting the power supply. The samples were analyzed by a gas chromatograph coupled with a thermal detector (GC-TCD) (Shanghai Analysis Device Plant, GC102), which equipped a homemade current amplifier to improve the accuracy of analysis. FT-IR (Nicolet AVATAR-360IR) was also used for byproducts analysis.
Analysis approach
The initial and final concentrations of object gases in the reactor were detected by GC-TCD. The signal was magnified about eight multiples by a homemade current amplifier to assure a high signal-to-noise ratio. Because of the better symmetry of the peaks and the linear relation between the peak height and the gas partial pressure, the peak height instead of the peak area was used to calculate the decomposition efficiency. The decomposition efficiency (D) of SF 6 was defined as:
P SF60 (Pa) is the initially partial pressure of SF 6 , P SF6t (Pa) is the residual partial pressure of SF 6 after discharging treatment. The FTIR spectrometer was also used as the analysis method in our study to identify the byproducts. It was operated at a spectral resolution of 1 cm −1 with the range of 500 cm −1 to 4000 cm −1 . A gas vessel (100 mm in length and 38 mm in diameter) with NaCl windows was used to record the sample spectra and background spectra, which was described in another paper [9] . 947 cm −1 for SF 6 , 1282 cm −1 for CF 4 , 1257 cm −1 and 903 cm −1 for SF 5 CF 3 , were used as the characteristic absorption peak for quantification.
Results and discussions
Decomposition of SF 6 by DBD
In the section, the optimal parameters for SF 6 decomposition were investigated by varying the operation conditions, such as the applied voltage, resident time, and the initial SF 6 partial pressure.
Applied discharge voltage and discharge time
The applied voltage was supplied by a self-made power. 2.0 kPa SF 6 was filled into the reactor and then discharged for 5 min. Decomposition efficiency was observed changing with the variation of applied voltage. When the applied voltage varied from 2100 V to 3900 V, D(SF 6 ) was increasing from 30% to 56% accordingly. The results indicated that the decomposition efficiency was improved with higher applied voltage.
The electric field to pressure ratio (E/P ) was associated with the mean electron energy and reaction rate constants [18] . Since the electric field was proportional to the applied voltage, a higher discharge voltage could improve the decomposition efficiency of SF 6 by increasing the mean electron energy and accelerating the electric reactions that occurred in the DBD reactor. Other experiments were carried out at a fixed discharge voltage of 3000 V. The relationship between the resident time and decomposition efficiency was observed as a relatively slight curve, shown in Fig. 2 . The collision times had a great effect on the degradation ratio of pollutant since the decomposition efficiency depended on the discharge time in the fixed space. Therefore, the decomposition efficiency could be improved simply by prolonging the resident time. However, the slight curve implied that other factors would also impede the decomposition. More reasons should be considered about the effect factors of SF 6 decomposition efficiency. 
Initial partial pressure of SF 6
For a fixed applied voltage, higher pressure would lead to the decline of decomposition efficiency since the E/P and the mean electron energy decreased with the increasing pressure [18, 19] . Correspondingly, the input energy would mainly be used to heat the gas instead of promoting the chemical reactions, which resulted in a large thermal loss. Therefore, energy efficiency decreased with the increasing gas pressure [19] . Fig. 3 showed the relationship between the decomposition efficiency and the initial pressure. D(SF 6 ) was decreasing with the increase of SF 6 partial pressure under the same discharge conditions. After 5 min discharge, D (SF 6 ) was 62% at the SF 6 initial pressure of 1.3 kPa, while D(SF 6 ) decreased to 29% at the initial pressure of 2.6 kPa. No matter whether the additive gas was Ar, N 2 or O 2 , a similar reduction trend of the decomposition efficiency with the increase of additive gas pressure was observed. When air was the addition gas, the decomposition efficiency of SF 6 could vary in the range of 60% to 70%. The reason for the positive influence of air and O 2 than that of Ar and N 2 on D(SF 6 ) was that there were more oxidative free radicals generated from the plasma system of air and O 2 , especially for the reactions involving O 2 . O· made the most contribution to D(SF 6 ) at air pressure of 8.2 kPa. Moreover, the reciprocal reactions of N 2 and O 2 could not be ignored as well [20] . Reactions occurring in the discharge process, such as e + N 2 + O 2 ↔ N 2 O + O· + e and e + N 2 + O 2 ↔ N 2 + 2O· + e, could produce more O· to motivate the decomposition of SF 6 [21] .
Relative humidity
Further study on discharging with air in different humidity was also investigated in this work. Hydroxyl free radical and H· generated from H 2 O could react with intermediates, such as SF 5 and SF 4 (generated from SF 6 decomposition), which could further accelerate the decomposition of SF 6 [13] . Some related experiments were conducted and the results indicated that when the additive air was humidified, D(SF 6 ) increased by 23% at least. The results also showed that when there was an addition of 28.2 kPa air with a relative humidity of 51%, the decomposition efficiency of SF 6 could enhance by 30% under 2.0 kPa SF 6 .
The byproducts of SF 6 decomposition were shown in Fig. 5 . The products, such as SO 2 F 2 , SiF 4 and SF 4 , were identified from the FT-IR spectrum. On the basis of the products analysis, the decomposition mechanism of SF 6 could be shown as follows:
Primary reactions: The generated active radicals, ·OH and O· could react with the intermediate products such as SF 5 In order to testify whether DBD was an effective and universal method for treating other long-life perfluorinated greenhouse gases, SF 5 CF 3 and CF 4 were also used as the target gases with the initial pressure of additive gases at 30 kPa.
3.2.1
Decomposition of SF 5 CF 3
The decomposition reactions of 1.3 kPa SF 5 CF 3 with additive gases (Ar, N 2 or O 2 ) of 30 kPa were performed under the same applied voltage. The results indicated that the decomposition efficiency of SF 5 CF 3 was higher than that of SF 6 . The maximum decomposition efficiency of SF 5 CF 3 approached to 100%. Especially in the presence of Ar, the decomposition efficiency increased to 96.2% after 20 s discharge. In the presence of air, its decomposition efficiency could reach 90% after 80 s discharge. The detailed results were shown in Fig. 6 . Balog thought that the formation of SF − 5 was the dominant channel in these reactions when he studied the single collision of gas phase SF 5 CF 3 , which was attacked by the electron with the energy of 0 eV to 5 eV [27] . He also considered that the real dissociation step of SF 5 CF 3 was: e + SF 5 CF 3 → SF 5 + CF 3 + e, although the bond energy of SF 5 -CF 3 was 3.86 ±0.45 eV. Similar results could be seen in Sailer's research [28] . Both studies indicated that SF 5 CF 3 dissociation occurred even though the electron energy was much lower than the band dissociation energy.
The effect of additive water vapor on the decomposition efficiency of SF 5 CF 3 was also performed in the paper. Compared with dried SF 5 CF 3 , a little amount of water vapor in SF 5 CF 3 could decrease D(SF 5 CF 3 ) by about 10%. Therefore, water vapor played an unfavorable role in the decomposition reaction of SF 5 CF 3 , which differed from the reaction system of SF 6 .
The byproducts of SF 5 CF 3 decomposition were also indentified by FI-IR. As shown in Fig. 7 The decomposition of O 2 and H 2 O attacked by electrons could produce active radicals O· and ·OH, which would react with SF 5 , CF 3 and F·. The active radicals would also recombine together and finally transfer into SO 2 F 2 , SOF 2 , COF 2 , SF 6 , CF 3 CF 3 , CF 4 , SF 5 SF 5 and so on [29−38] . Although non-equilibrium plasma like DBD was recognized as a feasible method for the degradation of perfluoro-compounds, the breakage of C-F (5.03 eV) was harder than that of S-F (2.89 eV) or N-F (4 eV) in the DBDreaction system [16, 39, 40] . The relationship of CF 4 decomposition and discharge time with additive gases of Ar, N 2 , O 2 and air was shown in Fig. 8 under the conditions of 0.4 kPa CF 4 , 30 kPa additive gas and 3000 V discharge voltage. Since the revolution regular momentum of N 2 transferred a large cross section (300 K, σ j /Å 2 = 30±1) [41] , the energy in the initial reactions must be higher than the transferring energy of angular momentum firstly, which resulted in the energy decrease with the decomposition process. Therefore, the reaction system of N 2 with CF 4 was relatively fluctuant in decomposition efficiency. As shown in Fig. 8 , a great stimulation of D(CF 4 ) was near 100% under at the resident time of 4 min in the air reaction system. Water vapor needed to be discussed since it was reported to have the capacity to motivate the decomposition of CF 4 [42, 43] . When the initial pressures of air and CF 4 were 30 kPa and 0.4 kPa respectively, the water vapor exerted an adverse effect on the decomposition of CF 4 at the gas resident time of 2 min and the applied voltage of 3000 V within the relative humidity of 30%.
Earlier studies showed that, the dissociation of H 2 O(g) induced by electron impact would produce ·OH, ·O and ·H free radicals [42, 44] . Although none of them could react with CF 4 directly [6] , they would react with the decomposition fragment of CF 4 , such as CF 3 . Another research revealed that ·OH could oxidize CF 4 , and thus, water vapor should be thought to be a promising additive for perfluoro-compounds abatement [42] . However, in our study, H 2 O(g) showed a negative influence on the decomposition efficiency of CF 4 [45] . Therefore, water vapor finally played a role of an inhibitor in the CF 4 decomposition.
In the reaction system of CF 4 , the FT-IR spectrum of byproducts was shown in Fig. 9 . Except for CO 2 and CO, similar products, such as SiF 4 and COF 2 , were also identified. Based on the identification of those byproducts, the reaction mechanism could be shown as follows [46, 47] 
Conclusion
The results of the decomposition reactions of CF 4 , SF 6 and SF 5 CF 3 showed that dielectric barriers discharge was a feasible technology for treating those potent greenhouse gases.
At the applied voltage of 3000 V, the decomposition efficiencies of SF 6 and SF 5 CF 3 were both above 80%. The results also indicated that the decomposition efficiency was improved by increasing applied voltage, prolonging discharge time, reducing the pressure of target gas or mixing a trifle amount of additive gases. Except SF 6 , the small amount of water vapor was not a favorable addition for promoting the decomposition process. Although the byproducts of those potent greenhouse gases included some environmentally unfriendly substances, the drawback could be overcome with the additional control of exhaust gas. Furthermore, more work on pilot-scale or field-scale study was needed before the technique could be put into application.
